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Metamaterial energy harvester based subwavelength imaging structure is presented. Besides, 2×2 array 
patch antenna is designed to create incident radiated signal towards the proposed harvester structure. 
Harvested energy is converted to DC voltage signal by using Schottky diodes and each cell is represented 
by 256 grey levelled pixel value. Therefore, any incident electromagnetic wave placed in the operating 
frequency range can be monitorized. In the experimental study, experiments are realized with and 
without antenna to investigate the effects of instantaneous electromagnetic waves and the observed 
images. Afterwards, another experiment is conducted to observe the effects of metal plate which is 
located between the antenna and the harvester structure. The last experiment is performed by using 
a Yagi Uda antenna for sub-wavelength imaging. The proposed harvester structure can be used in various 
applications such as energy harvesting, incident wave tracing, crack detection, spy device detection, 
medical imaging, and so on.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Metamaterials (MTMs) are artificial materials composed of 
metallic layers with the dielectric substrates and are not found 
in nature. First approach about MTM is conducted by Victor Vese-
lago in 1968 and a hypothetical substance having simultaneously 
negative values of permittivity and permeability is proposed in [1]. 
After a long time, in 2000, Smith et al. has derived a composite 
medium with simultaneously negative permittivity and perme-
ability [2]. Moreover, Shelby et al. has supported their study on 
obtaining negative refraction index with experimental studies in 
2001 [3]. In 2004, another study is carried out by Smith et al., they 
have examined MTMs and negative index of refraction [4]. Accord-
ing to the development of MTM technology, MTMs are designed for 
various areas such as electromagnetic (EM) wave cloaking [5,6], 
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optical cloaking [7], polarization conversion [8], antenna appli-
cations [9,10], super-lensing [11,12], sensing [13–16], absorbers 
[17–22], energy harvesting [23–30] and imaging [31,32].

Nowadays, MTM based absorber studies have increased to ab-
sorb and harvest EM signals at microwave regime. In 2008, Landy 
et al. has designed, fabricated and analyzed a MTM structure which 
consists of two separated resonators to absorb incident EM waves 
[17]. Dincer et al. proposed a perfect MTM absorber based on 
square resonator with gap configuration for the frequency regimes 
of GHz and THz [18]. Another study is carried out to obtain dual 
band perfect absorption with MTM structure [19]. Also, Ta et al. 
have reported MTM based polarization insensitive dual band ab-
sorber for terahertz regime and their study contains design, fab-
rication and characterization phases [20]. Watts et al. have in-
vestigated the flexibility performance of MTM inspired absorbers 
and discussed the applications of MTM absorber technologies [21]. 
MTM absorber based multifunctional sensor is suggested by Ak-
gol et al. and their structure can measure the density, humidity 
and pressure according to absorption characteristics in X band [22]. 
In addition, polarization insensitive MTM based absorber structure 
for EM energy harvesting application is examined by Cheng et al. 
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They also explained compatibility of proposed harvester structure 
to different frequency bands [23]. Devi et al. presented RF energy 
harvesting applications by using split ring MTM resonators at 1800 
MHz [24]. Mulazimoglu et al. proposed a hexagonal shaped EM en-
ergy harvester for the frequency regime where EM pollutions are 
situated [25]. Another study is conducted for energy harvesting by 
split ring resonators, resistive load is located onto the gap of split 
ring resonator and the effect of resistance value on absorption is 
investigated [26]. Nevertheless, Lalj et al. have proposed the polar-
ization insensitive MTM based microwave absorber for EM energy 
harvesting application by design of rotational symmetric resonator 
layer [27]. In the study of Duan et al., they presented a MTM 
energy harvester to convert incident wave to DC current with rec-
tifying functionality [28]. Further, Unal et al. proposed a tuneable 
MTM based energy harvester and sensor applications; also, they 
used the golden ratio to determine the dimension parameters [29]. 
Mulla and Sabah have presented a MTM structure to harvest so-
lar energy and they also investigated their structure for infrared 
and ultraviolet regime [30]. Karaaslan et al. have proposed multi-
layered square split ring resonators to harvest microwave energy 
[31]. Wood et al. have examined subwavelength imaging by using 
metal dielectric system [32]. In another study, Xie et al. have de-
veloped a subwavelength camera for 6.3 GHz by using MTM based 
absorber structures [33]. Similarly, microwave imaging is achieved 
by Alkurt et al. with microwave absorber structure [34]. Finally, 
Yagitani et al. proposed an EBG absorber plane to obtain 2D im-
age of RF power distribution and they clearly demonstrated to the 
electrical circuit model of proposed design [35].

In this study, MTM based absorber which is also known as en-
ergy harvester, microwave image detector and 2×2 patch array an-
tenna are proposed both harvesting and imaging applications. Ab-
sorbed energy by each cell is converted to the DC signal by using 
Schottky diodes and obtained DC signals are transferred to MAT-
LAB environment to create the image of absorbed power. Observed 
signals are scaled to 256 grey levels to have clear images. Addi-
tionally, 2×2 array patch antenna and 8×8 energy harvester are 
fabricated and experimental measurements are obtained to verify 
the accuracy of the proposed imaging system. Absorption charac-
teristics of the proposed energy harvester are examined with both 
numerical and experimental measurements and the results are 
compared each other. In addition, imaging tests are conducted by 
harvester structure with fabricated array antenna. Also, subwave-
length imaging experiment is successfully carried out by using a 
professional yagi uda antenna.

2. Theory and design

Design, characterization and fabrication of MTM energy har-
vester based subwavelength imaging structure is investigated in 
this paper. MTM based microwave energy harvester and 2×2 mi-
crostrip patch antenna array are designed and operated at the 
frequencies between 5.42 GHz to 5.53 GHz to test as a microwave 
imaging device. The unit cell of the proposed energy harvester is 
illustrated in Fig. 1, and dimension parameters are given in Table 1. 
The unit cell is designed with the copper (thickness of 0.035 mm 
and conductivity 5.8 ×107 S/m) as resonator layer and FR-4 dielec-
tric (thickness t = 1.6 mm, permittivity ε = 4.3 and loss tangent 
tanδ = 0.025) as substrate layer and also back side of the struc-
ture is covered by copper plate to prevent transmitted signals. The 
mentioned dimensions and structure is chosen due to easily ac-
cessibility and appropriateness with the fabrication facilities. As 
shown in Fig. 1, the gap is adjusted as 4 mm between resonators to 
obtain high signal absorption. The mentioned efficient dimensions 
are evaluated by using parametric analysis and genetic algorithm 
approach to provide decided frequency response.
Fig. 1. The unit cell of the proposed MTM based absorber.

Table 1
Dimension parameters of harvester unit cell.

a b c d e g

22 mm 11 mm 7 mm 2 mm 3 mm 4 mm

Numerical studies are carried out by using CST Studio Suite mi-
crowave simulator which is based on Finite Integration Technique 
(FIT). Moreover, the absorption can be calculated by the formula 
A(w) = 1 − R(w) − T (w), where R(w) corresponds reflection and 
T (w) is transmission, also reflection and transmission can be ob-
tained by using scattering parameters where R(w) = |S11|2 and 
T (w) = |S21|2. As mentioned before, back side of the designed 
harvester is covered by copper plate to prevent transmission, so 
transmitted energy can be ignored as T (w) = 0, thus absorption 
equations rearranged as A(w) = 1 − R(w) = 1 − |S11|2. This means 
that minimum reflection rises to maximum absorption so-called 
the maximum harvested energy.

3. Numerical study of harvester with array antenna

Numerical studies are achieved by using a commercial full wave 
EM solver FIT based microwave simulator. The boundaries are ad-
justed as electric field component E = 0 in x directions, magnetic 
field component H = 0 in y directions and open-space in z direc-
tions as shown in Fig. 2.a. This type of design provides Transverse 
Electromagnetic (TEM) incident microwave towards resonator side 
of proposed MTM structure. Also, 20 ohm resistive load is inte-
grated on the gap of resonator layer to increase the signal ab-
sorption level which is also determined by parametric studies. This 
resistive load also collects electromagnetic energy and a Schottky 
diode is serially connected to resistive load on the gap between 
resonators to convert RF signal to DC signal. As given in Fig. 2.b, 
the proposed structure has significant signal absorption character-
istic between the frequencies of 5.42 GHz to 5.53 GHz, and the 
absorption level has maximum value at the frequency of 5.48 GHz 
with a nearly perfect absorption value of 99.98%.

Moreover, electric field distribution is obtained and given in 
Fig. 3.a for maximum absorption. Electric field is mostly observed 
on the edges of the resonators and around the gap side. The con-
centrated electric field excites free electrons to cause surface cur-
rents as given in Fig. 3.b. These surface currents induce a voltage 
difference between resonator layers and can be collected by re-
sistive lumped element. The incident microwave is an AC signal. 
Hence, it induces an AC RF voltage signal and it is converted to DC 
signal by the serially connected Schottky diode for the energy har-
vesting applications. Therefore, obtained DC voltage signal is used 
to represent a pixel value of each unit cells for subwavelength 
imaging.

Furthermore, a 2×2 microstrip patch array antenna is designed 
for high radiation properties in the frequencies range of 5.42 GHz 
and 5.53 GHz. The design of this specific antenna is due to high 
gain characteristic at the related frequency. The front view of the 
designed 2×2 array antenna is shown in Fig. 4 and dimension pa-
rameters are also given in Table 2. The designed antenna is an 
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Fig. 2. a) Simulation set up of absorber structure, b) Absorption characteristics of proposed MTM structure.

Fig. 3. a) Electric field, b) Surface current distributions of MTM based absorber cell.

Fig. 4. a) Patch array antenna, b) Return loss of designed array antenna.
Table 2
Dimension parameters of 2×2 array antenna.

a b c d e g

113 mm 84 mm 16.9 mm 12.85 mm 19 mm 42 mm

array antenna due to its advantages, such as high gain, directiv-
ity, wide band and low angular width.

In addition, specifically designed 2×2 array antenna for related 
frequency range illustrated in Fig. 5 which is also numerically ana-
lyzed by FIT based microwave simulator. It is also compared with a 
patch antenna operating at the same frequency. Discrete port hav-
ing 50 ohm line impedance is connected to feed the antenna. The 
return loss (S11) of designed antenna is examined to observe op-
eration efficiency as shown in Fig. 4.b. There is a minimum return 
loss value at 5.52 GHz with a wideband operation range between 
5.35 GHz and 5.65 GHz. The radiation pattern of single patch an-
tenna and 2×2 array antenna are obtained and given in Fig. 5 at 
the frequency of 5.456 GHz which corresponds frequency range 
of the energy harvester structure. Fig. 6.a shows that single mi-
crostrip patch antenna has lower main lobe magnitude and direc-
tivity, therefore 2×2 array patch antenna is designed and operated 
as given in Fig. 5.b. According to radiation pattern of array antenna, 
its angular width is 43.2◦ and main lobe magnitude is 11.8 dBi. 
Whereas the side lobe level and angular width is reduced, main 
lobe magnitude of 2×2 array patch antenna is significantly im-
proved with respect to singular patch antenna. Hence, this design 
can prove better observation of imaging for each unit cell on the 
harvester array.

4. Experimental study of harvesting and imaging

In this section, 8×8 MTM based energy harvester and 2×2 mi-
crostrip patch array antenna is fabricated and experimental studies 
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Fig. 5. Radiation pattern of designed a) single patch antenna, b) 2×2 array antenna.

Fig. 6. Fabricated Sample-Distance between near unit cells represented by h = 11 mm.
are carried out. Operation frequency is set to 5.456 GHz in the ex-
perimental measurements. Designed MTM based absorber, called 
as energy harvester, is a subwavelength structure due to its di-
mensions with respect to the wavelength. Each cell has 22 mm of 
edge length and wavelength of incident microwave is 54.89 mm, 
thus proposed absorber is a type of subwavelength structure.

CNC controlled LPKF-E33 Protomat is used in the fabrication 
process and fabricated structure is given in Fig. 6 with a 11 mm
distance between each unit cells (h = 11). According to Fig. 6, 
distance ‘h’ is obtained by using optimization techniques and its 
maximum value reduces the mutual interaction between cells to 
minimum. Accordingly, mutual effects caused by nearest cells are 
minimized with the edge dimensions of 22 mm and the distance 
between nearest cells of 11 mm. “h” is 5 times smaller than 
its wavelength ( f = 5.5 GHz, λ = 55 mm) and this configura-
tion shows designed structure is an subwavelength structure. Also, 
these interactions must be minimized, since each cell represents 
a pixel value with 256 grey levels under incident electromagnetic 
wave in microwave imaging application.
Fig. 7. Experimental and simulation results of absorber structure.

In the experimental phase, at first, Rohde Schwartz ZVL vec-
tor network analyzer and a wide band horn antenna are used 
to obtain reflection (S11) of designed absorber-harvester and ob-
tained results are compared with simulation as shown in Fig. 7. 
The maximum absorption is observed at 5.48 GHz in the simu-
lation program, which is in a good agreement with experimental 
study (5.45 GHz). Small frequency shift and noises observed are 
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Fig. 8. a) Fabricated 2×2 array antenna after tuning, b) Experimental and simulation results of array antenna.
Fig. 9. Experimental results of fabricated antenna and absorber structure.

due to imperfection of experimental environment and manufac-
turing defects. Main reason about distinction between simulation 
and experiment is fabrication imperfection such as fabrication de-
vice faults, soldering faults and laboratory conditions. Even so, 
fabricated structure has a good absorption around unity between 
5.4 GHz and 5.48 GHz. In addition, a 2×2 array patch antenna is 
also fabricated (Fig. 8.a) and tested with a vector network analyzer 
and obtained return losses (S11) are illustrated in Fig. 8.b. After 
fabrication process, antenna is tuned with a metal strip to have 
resonance frequencies between 5.4 GHz and 5.5 GHz as shown in 
Fig. 8.b. As given in Fig. 8.b., measured and simulated results are 
in the same band, whereas fabricated antenna has narrow band 
in experimental measurement. Therefore, the most important part 
as the agreement between fabricated array antenna and absorber-
harvester structure frequency band is achieved. Fabricated absorber 
and array antenna can be operated between the frequencies of 
5.4 GHz – 5.5 GHz and 5.43 GHz – 5.58 GHz, respectively. As a 
result, both fabricated antenna and absorber can be operated in 
the frequencies between 5.43 GHz and 5.5 GHz, as illustrated in 
Fig. 9. Also, the maximum power transfer occurs at the frequency 
of 5.456 GHz.

Incident electromagnetic wave is a form of the AC signal which 
should be converted to DC voltage to observe induced energy on 
the lumped element. Hence, a BAS4-05 general purposed Schot-
tky diode and a 20 ohm resistive load are located serially on the 
gap between the resonator layers to convert AC signal to DC volt-
age which process is similar to one given in [33]. Observed DC 
signal on diode is transferred to MatLab environment via a micro-
controller board and obtained voltage signals represented by 256 
grey levelled pixels in MatLab. In the imaging part of this study, 
MAN&TEL MATS-100 antenna trainer is used for the frequencies 
between 5 GHz and 6 GHz to transfer adjustable microwave power. 
This antenna trainer has maximum operation power of 5 dBm and 
fabricated array antenna is operated at 5.456 GHz frequency. As 
illustrated in Fig. 10, 4.2 mV DC voltage difference is observed un-
der incident electromagnetic energy with the distance of 20 cm, 
and the maximum voltage difference is observed with the distance 
of 1 cm as 13.5 mV.
Fig. 10. Energy harvesting experiment.

Fig. 11. a) Observed 4×4 image without antenna, b) Observed image under EM 
wave.
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Fig. 12. Observed image with metal plate.

Fig. 13. Subwavelength imaging, antenna is located on the a33 cell.

In the imaging part of this study, MATLAB is used to monitor 
the grey pixelled view of the incident signals. Centered 4×4 cells 
are represented by 4×4 pixels with 0–255 grey levels scaled by 
0–13.5 mV DC voltage signals. As in Fig. 11.a., there is no voltage 
difference between the resonator layers without any incident EM 
signal and each pixel are represented by the black colour. Another 
study is carried out under incident EM wave via 2×2 array patch 
antenna and results having 4×4 pixels with the distance of 4 cm 
are given in Fig. 11.b. In this circumstance, EM waves causes sur-
face currents and DC voltage differences. Those voltage differences 
are observed on the gap of each cell and represented by 4×4 white 
coloured pixels.

Afterwards, a metal plate is located between the antenna and 
harvester layer to see the effects of metal plate on imaging process 
of EM wave and mutual interaction between cells. Experimental 
set up model is illustrated in Fig. 12, metallic plate has partially 
prevented incident EM signals and some incident signals are trans-
formed to surface currents on the plate. Hence, the metallic plate 
can behave as antenna to radiate signals to absorber layer. So, first 
2×4 pixels are shown in grey colours and second 2×4 pixels are 
shown nearly white because of there is no metal in front of them 
to block EM signals.

Final experiment is carried out with professional Yagi Uda an-
tenna for subwavelength imaging application. Yagi Uda antenna 
is vertically located on the 4×4 structure and observed image is 
experimentally given in Fig. 13. Yagi Uda antenna is radiated di-
rectionally into the harvester structure and radiated waves are ab-
sorbed by each cell and converted to pixel values. Observed 4×4 
image shows the location of Yagi Uda antenna with grey levels as 
given in Fig. 13. It can be concluded that the proposed structure 
is highly location sensitive and the mutual interaction is low. This 
is demonstrated and provided by using both Yagi Uda antenna and 
2×2 array antenna.

5. Conclusions

In this work, we investigated to find out the feasibility of sub-
wavelength image detection of incident EM wave by MTM based 
energy harvester both numerically and experimentally. Designed 
unit cell of MTM based energy harvester is examined and it has 
very high absorption phenomena at 5.456 GHz, which can be used 
in WIMAX communication band. A 2×2 array patch antenna is 
also designed to apply high power incident EM waves toward en-
ergy harvester. Designed energy harvester and 2×2 array patch 
antenna are fabricated and various experiments are carried out. 
Fabricated energy harvester structure is 8×8 and maximum har-
vested DC voltage is obtained as 13.5 mV by each cell, so totally 
8×8×13.5 = 864 mV DC voltage can be harvested. In the imaging 
part of this study, 4×4 cells are chosen and induced DC volt-
age of 4×4 cells are transferred to Matlab environment, therefore 
4×4 image is obtained from induced voltages. In addition, imag-
ing experiments are carried out by fabricated 2×2 array antenna 
and professional Yagi Uda antenna. In addition, proposed structure 
with high imaging characteristic and low mutual interaction be-
tween close unit cells can be used in various areas such as energy 
harvesting, incident wave tracing, crack detection, spy device de-
tection and medical imaging.
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